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SUMMARY
A new method has been developed to design an active vibration isolation
system for mlcrogravlty space experiments. Thls method yields the required
controller transfer functions for a specified transmisslblllty ratio. Hence,
it Is a straightforward task to guarantee that the desired vibration isolation
performance Is achieved at each frequency. The theory for such a controller
design has been presented by considering a single degree of freedom system.
In addltlon, the magnitude of the Input required by the new method has been
found to be less than that used by a standard phase lead/lag compensator.
I. INTRODUCTION
A number of experiments In the areas of fluid and material sciences are
currently being designed to be performed on the STS orbiter, and In the future,
on a space station In order to utilize the low gravity environment. However,
the acceleration levels demanded by sclentlsts for these experlments are well
below what have been found on the man-tended spacecraft. The sources of rela-
tlvely high level of acceleration include modal response of the space craft,
crew motion, on-board rotating equipment etc. as well as some moderate to high
amplitude accelerations from aerodynamic drag, gravity gradient and photon
pressure (ref. I). Jones et al. (refs. 2 and 3) have presented the frequency
spectrum of the acceleration levels found on a space craft, figure l(a). This
frequency spectrum, which has been described as a conservative estimate, has an
f2 variation below 3 Hz and a constant level of I0 -I g above 3 Hz. The fre-
quency spectrum of the acceleration level required for many experlments is
shown In figure ](b). The dotted llne represents the proposed requirement for
the US lab modules. On the basis of figures l(a) and (b), the required accel-
eratlon transmlsslblllty ratio for a vibration Isolatlon system has been ob-
tained, figure l(c). Below 0.03 Hz (or 0.01Hz), l the experimental module is
allowed to follow the space statlon acce]eratlon, and above 0.03 Hz (or
0.01Hz), a -40 dB/decade roll-off Is required. In terms of Bode plot's termi-
nology (ref. 4), the Isolation system should have a break frequency of 0.03 Hz
_Presently at General Motors Research Laboratories, Warren, Michigan.
]Note that 0.01Hz corresponds to the dotted llne in figure l(c).
(or O.Ol Hz). The desired vibration isolation performance can be realized by
achieving a transfer function of the form I/(_S + l) 2 where I/_ = 0.03 Hz(or 0.01Hz).
Recently, Garrlott and DeBra (ref. 5) have proposed a passive isolation
system, which utlllzes a set of mechanical springs. However, the natural fre-
quency of the system must be chosen to be 0.03 Hz (or 0.01 Hz) In order to have
the break frequency equal 0.03 Hz (or 0.01Hz). The requirement for such a
low natural frequency Implies an extremely low stlffness for typical values of
the massfound In space experlment packages. Furthermore, It is well-known
(ref. 6) that the presence of any damping has a detrimental effect on the per-
formance of a passive vibration Isolation system. Hence, the damping has to be
chosen to equal zero. In this case, the transfer functlon for the vibration
isolation system would be I/(_2S 2 + l) where I/_ = 0.03 Hz. Consequently,
the passive system would yield a -40 dB/decade roll-off only In an asymptotic
sense; and would have an extremely poor performance near the break frequency
due to resonance.
Jones et al. (refs. 2 and 3) have developed an active microgravlty Isola-
tlon mount. They used a Lorentz type electromagnetic actuator (ref. 7) and
utilized the relatlve displacement of the massto its dynamic support as the
reference slnga] for a phase lead/lag compensatedcontrol loop. Although they
have demonstrated that It Is feasible to develop hardware for the design of an
active Isolation mount, thelr controller Is of phase lead/lag type (ref. 4).
In the context of a single degree of freedom system, the resulting transfer
functlon, which represents the transmisslblllty ratio, has a flrst order numer-
ator and a third order denominator; i.e., there are one zero and three poles.
By tuning the controller parameters, the transmlssiblIity ratio can be forced
to be close to the desired function. However, it is not a straightforward task
to tune the controller parameters and, in manycases, the transmisslblllty
ratio has been Found to exceed Its desired value (refs. 2 and 3).
In this paper, a new approach has been developed to design an active vi-
bration Isolation system. The relative dlsplacement and the acceleration of
the mass, whlch can be measureddlrectly or Indlrectly on the space craft, are
used as feedback signals. A methodology has been developed to determine the
controller transfer functlon for a speclfled transmlsslbilIty ratio functlon.
Hence, It is straightforward to guarantee that the transmissiblllty ratio is
below its upper boundat each frequency. The theory for the controller design
has been presented in the context of a single degree of freedom system, fig-
ure 2. The extension of thls theory to a muItldegree of freedom system will
be the topic of subsequent papers.
First, the open-loop system is described. Then, the theory for the new
controller design Is developed and Illustrated uslng a numberof examples.
Lastly, the input requlred for the newapproach is comparedto that for the
phase lead/lag compensator.
2. OPEN-LOOPSYSTEM
The single degree of freedom spring-mass system is shownin flgure 2.
The parameters m and k represent the massof the experiment module and the
umbilical stiffness, respectively. The stiffness k is due to the connections
between the experiment module and the base, which are necessary for various
functions; e.g., the supply for electric power, the transport of coollng fluld,
etc. The base acceleration x represents the acceleratlon of the space
statlon.
The dynamics of the system shown in figure 2 is represented by
my + k(y - x) = 0 (I)
The transfer function relating Y(s) and X(s) is as follows:
Y(S) k (2)
X(S) - mS2 + k
3. NEW APPROACH FOR THE CONTROLLER DESIGN
On the STS orbiter or a space station, the absolute displacement of the
mass cannot be directly measured. However, the relative displacement (y-x) and
the absolute acceleration (_) can be measured. Therefore, these signals are
used to develop the new controller design. The block diagram for this control
system Is shown In figure 3, where HI(S) and H2(S) are the controller trans-
fer functlons corresponding to the acceleration and the relative displacement
feedback, respectively. The transfer function relating Y(S) and X(S), which
Is the transmlsslbiIIty ratio, Is as follows:
Y(S) k + klH2(S)
X(S) S2(m + kiHl(S)) + k + kiH2(S)
(3)
Let Hd(S) be the deslred transfer function; i.e., one wants to achieve
Y(S) Hd(S ) (4)X(S) -
From equations (3) and (4),
k + klH2(S)
S2(m + k]HI(S)) + k + klH2(S)
= Hd(S) (5)
Equation (5) has two unknowns" Hi(S) and H2(S). Therefore, either HI(S)
or H2(S) can be arbltrarlly chosen. For a specified HI(S),
S2(m + klHI(S)) + k]Hd(S) - k
H2(S) _ kl(l _ Hd(S)) (6)
Similarly, for a specified H2(S),
H (S) =l
(k + kiH2(S))(l - Hd(S)) - S2mHd(S)
S2KIHd(S)
(7)
Examples:
(l) If HI(S) = 0 and Hd(S) = II(_S + I) 2,
(m - K_2)(S - 2_kl(m - k_2))
H2(S) = kl_2(S + 21_)
It should be noted that only the relatlve displacement is fed back in this
example, and the controller transfer function is of phase lead/lag type.
(2) If HI(S) = 0 and Hd(S) = I/(_S + l)3,
(8)
-k_3S 2 + (m - 3k_2)S - 3k_
H2(S) = (9)
kI_(_2S2 + 3 _S + 3)
(3) If H2(S) = 0 and Hd(S) = I/(_S + I)2 ,
HI(S) = K(I/Hd(S) - I)/(kIS2) - m/k I (I0)
3.1 Simultaneous Cholce of HI(S) and H2(S)
To determine HI(S) and H2(S) uniquely, an additional constraint is
sought by examining their effects on the required input magnitude. For a de-
sired transfer function Hd(S), the control input U(S) Is related to the base
displacement X(S) as follows:
U(S) = [(mS 2 + k)Hd(S) - k]X(S) (11)
Thls equation indlcates that the control input (or the actuator's size) Is prl-
marily determined by Hd(S) and Is not dependent on HI(S) and H2(S). How-
ever, the addltlonal constraint can be obtained by specifying the fraction of
the input that comes from each feedback loop shown in flgure 3. For example,
If both feedback loops are required to contribute equally to the input,
UI(S) = U2(S) (12)
From figure 3,
UI(S) = HI(S)S2Hd(S)X(S) (13)
U2(S) = H2(S)[Hd(S) - I]X(S) (14)
From equations (12) to (14),
HI(S)S2Hd(S) = H2(S)[Hd(S) - I] (15)
4
Solvlng equations (5) and (15) simultaneously,
k(l - Hd(S)) - mS2Hd(S)
H (S) = (16)
I 2kIS2Hd(S)
and
k(l - Hd(S)) - mS2Hd(S)
H2(S) = (17)
2k1[Hd(S) - I]
Example' If Hd(S) = ll(_S + I)2, equations (16) and (17) yield
k S+I
H (S) = (18)
1 KIS
and
k S+|
H2(S) = kl(_S + 2) (19)
4. COMPARISON WITH THE PHASE LEAD/LAG COMPENSATOR METHOD
The method proposed In Section 3 ylelds the desired transmisslbility ratio
for all values of m and k. In thls respect, It Is obvious that the new
method is superior to the lead/lag compensator method. However, it would be
important to compare the required input magnitudes for both cases. For the
sake of comparison, only the fo]lowlng part of the input in equatlon (ll) needs
to be considered:
Uc(S) = (mS 2 + k)G(S)X(S) (20)
where
Y(S) (21)
G(S) - X(S)
From equation (20),
Gu(S) : Uc(S)/X(S) : (mS 2 + k)G(S) (22)
Case I" Phase Lead/Lag Compensator Method (refs. 2 and 3)
In this case, the contro]ler has the following stFuctures"
C(S + b)
HI(S) : 0 and H2(S) - (S a)+ (23)
The resulting transmissibility ratio is as follows:
G(S) =
S1 +Y
S_ + _S_ + S1 + Y
(24)
where
SI : SI_o
2
= (k + kiC)/m
_0
= al_o
y = _(k + bklC/a)/(k + klC)
For m = I00 kg, Jones et al. (refs. 2 and 3) used m = 1.25 and y = m/30. In
this case, the resulting values of a, b and k]C are shown in table I for
three values of k: O, I and 5 N/m. In figure 4, the frequency response
G(Jm), Is plotted uslng equation (24). Although thls transmissibility ratio
is close to the desired performance (fig. 1(c)), it does exceed the desired
value near 0.03 Hz. In figures 5 to 7, IGu(jm) I has been plotted for the three
values of umbllical stiffness k.
Case II" New Method With Only Relative Displacement Feedback
The controller structure is given by equatlon (8) for G(S) = I/(_S + I)2 .
Hence, the form of the controller can also be described by equation (23). In
table I, the values of a, b and C are given for the three different values
of k, where I/_ = 0.03 Hz. In this case, the transmissibiIIty ratio is below
the desired value at each frequency, figure 4. In figures 5 to 7, the fre-
quency spectrums of Gu(S) are shown.
The results in figures 4 to 7 show that the proposed method satisfies the
performance requirements at all frequencies; and also requires an input smaller
than that used by a phase lead/lag compensator. Hence, the actuators developed
by Jones et al. (refs. 2 and 3) can be used to implement the new controller.
Lastly, it should be noted that Jones et al. (refs. 2 and 3) have used
= 0.5 and 2.5 for m = 50 and 200 kg, respectively. In these cases, the
transmissibillty ratio exceeds the desired function by an amount greater than
that shown In figure 4 for m = I00 kg. Hence, the performance of the new con-
troller has been compared to the best result that has been obtained by the
phase lead/lag method.
5. CONCLUSIONS
A new method has been developed to design an active vibratlon isolation
system for mlcrogravlty science experiments. The relative dlsplacement and the
acceleratlon of the Isolated mass has been used as feedback slgnals. Using the
method presented In this paper, it Is a straightforward process to determine
the controller transfer functions HI(S) and H2(S) (fig. 3), which will guar-
antee that the resulting transmissibillty ratio will be below Its specified
upper bound at each frequency. The required Input is found to be independent
of HI(S) and H2(S); and solely depends on the desired transmisslbillty ratio
Hd(S). The Input required by the controller designed wlth only the relative
dlsplacement feedback and Hd(S) = I/(_S + I)2 is found to be smaller than
that requlred by the phase lead/lag approach. Hence, the actuators developed
by Jones et al. (refs. 2 and 3) could be dlrectly used to implement the new
controller.
ACKNOWLEDGMENT
This work has been supported by the NASA Microgravity Science and Appllca-
tions Dlvislon under Grant No. NAG 3-949.
REFERENCES
I. Walter, H.U. ed.: Fluid Sciences and Materials Science in Space.
Sprlnger-Verlag, 1987.
2. Jones, D.I., et al.: Micrograv_ty Isolation Mount. ETN-88-g1696, European
Space Agency, Paris, France, Feb. 1988.
3. Jones, D.I.; Owens, A.R.; Owen, R.G.: A Microgravity Isolation Mount.
Acta Astronautlca, vol. 15, no. 6/7, 1987, pp. 441-448.
4. Dorf, R.C.: Modern Control Systems. 4th ed., Addlson-Nesley Co., 1986.
5. Garrlott, O.K.; and DeBra, D.B.: A Simple Microgravity Table for the
Orbiter or Space Station. Earth-Orlented Applications in Space Technology,
vol. 5, no. 3, 1985, pp. 161-163.
6. Rao, S.S,: Mechanical Vibrations, Addlson-Wesley Co., 1986.
7. Grodslnsky, C.M.; and Brown, G.V.: Low Frequency Vibration Isolation Tech-
nology for Mlcrogravlty Space Experiments. NASA TM-101448, 1989.
TABLE I. - CONTROLLER PARAMETERS
Case k : 0 k : I N/m
a b kiC a b
I 0.236 7,854x10 -3 3,553 0,236 -0,0814
I] .377 0 3._53 .377 -.148
klC
2.533
2.533
k : 5 N/m
a b klC
0,236 0,796 -1,447
.377 1.303 -].447
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FIGURE I. - (a) MAGNITUDE OF ACCELERATION ON SPACE STA-
TION [2,3]; (b) REQUIRED MAGNITUDE OF ACCELERATION
[2,3]; (c) DESIRED TRANSMISSIBILITY RATIO [2,3].
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